INTRODUCTION
Most people have suffered from acute colitis during their lives. This can be due to infections, changes in diet or stress. Most cases are self-limited and resolve without specific treatment. However, more severe forms of colitis exist as inflammatory bowel diseases (IBD) including ulcerative colitis (UC) and Crohn's disease (CD) [1] . These forms of colitis are as of today incurable and require life-long treatment to manage the symptoms. Unfortunately, IBD incidence rates are increasing. There are around 1.6 million cases in the United States and 2 million cases in Europe [2] . Unfortunately, also in the rest of the world, increasing numbers of newly diagnosed cases are being reported.
The pathogenesis is still poorly understood, but IBD is multifactorial and characterized by loss of epithelial barrier integrity due to excessive inflammatory responses. The intestinal epithelium is a critical barrier that controls the passage of water and electrolytes and inhibits the passage of bacteria and other pathogenic agents. The epithelium is a cell monolayer in which cell contacts are sealed by the apical junctional complex that controls intestinal epithelial permeability, which is increased during active phases of IBD. Treatments include anti-inflammatory drugs such as mesalazine, biologicals such as antibodies against the proinflammatory cytokine tumor necrosis factor-α (TNF-α), steroids or immunomodulators such as azathioprine that inhibit immune cell proliferation [3] . However, these drugs can only alleviate symptoms and prolong phases of remission by reducing inflammation and restoring the intestinal epithelial barrier. In more severe cases when individuals do not respond well to such treatments, then surgery is required. Thus, alternative treatment approaches are needed.
It is well known that the diet can affect vulnerability to colitis development and duration of remission phases [4, 5] . While diets with high sugar levels have detrimental effects, high fiber diets have beneficial effects [6, 7] . Thus, nutritional supplements have garnered attention as alternative colitis treatment approaches, and their effectiveness is usually first studied in animal models of experimental colitis in mice or rats. Disease models include administration of dextran sulphate sodium (DSS) in drinking water, which resembles UC symptoms and rectal instillation of 2,4,6-trinitrobenzene sulfonic acid (TNBS), which more closely resembles signs of CD.
In this review, we summarize recent results from such animal models in which nutritional supplements showed beneficial effects and that may have potential as cotreatments for IBD patients to prevent relapses and/or prolong phases of remission. As this is an immensely vast field of research, we focus this review on supplements with anti-inflammatory and antioxidative properties that contribute to stabilizing epithelial cell contacts and preventing loss of barrier functions. We will not cover studies analyzing pre-and probiotics as this has been excellently reviewed elsewhere recently [8, 9] . To find the studies summarized here, we performed a literature search in PubMed including terms such as IBD, colitis, UC, CD, nutritional supplements, alternative medicine, epithelial barrier function, tight junction (TJ), TNBS, DSS etc. To keep this review brief and timely, we mostly focused on studies published during the last five years and included some historical perspectives regarding the animal models.
DSS COLITIS MODEL
DSS is a negatively charged sulphated polysaccharide, which is routinely being used for induction of experimental UC in rodents (i.e., mouse, rat, hamster or guinea pig) [10] or zebra fish larvae [11] . Treatment of animals with DSS leads to intestinal epithelial barrier damage and increased permeability, thus causing the entrance of luminal pathogens and their antigens leading to the activation of immune cells residing in the lamina propria. Activation of immune cells then triggers an inflammatory response characterized by the production of inflammatory cytokines such as interleukin (IL)-1β, IL-6, KC, TNF-α or interferon (IFN)-γ and down-regulation of the anti-inflammatory cytokine IL-10, which in turn exacerbates epithelial barrier dysfunction [12] . Sustained DSS treatment prevents healing and regeneration of the intestinal epithelium leading to chronic inflammation and lymphocyte infiltration to the site of injury [13] . DSS in animals causes clinical symptoms similar to those seen in human patients suffering from UC including weight loss, diarrhea, bleeding and morphological changes in the colon such as epithelial erosion, edema formation and leukocyte infiltration (cryptitis) [14] . DSS induces epithelial barrier dysfunction by destabilizing intercellular junctions (i.e., tight and adherens junctions) due to internalization and degradation of junction proteins [15] (Figure 1 ). However, epithelial apoptosis, necrosis and a decrease in cell proliferation have been observed after DSS treatment that contribute to epithelial barrier dysfunction and increased intestinal epithelial permeability [13, 16] . Diet greatly affects the outcome of DSS colitis. For example, clinical symptoms in BALB/c mice treated with DSS were exacerbated when supplemented with a diet rich in ω-3 fatty acid, accompanied by decreased adiponectin mRNA expression in colonic myofibroblasts [17] . In agreement with its known anti-inflammatory role, induction of adiponectin expression by the agonist pioglitazone ameliorated colitis symptoms in mice. Moreover, dodecanoic acid, a medium-chain fatty acid composed of 12 carbons, facilitated the entrance of DSS into the cell and the induction of colitis by forming nanomeric DSS-dodecanoate complexes that preferentially interacted with enterocyte membranes [18] . Therefore, it is important to consider the diet when analyzing results from DSS-induced experimental colitis assays.
In addition to epithelial barrier disruption, an increase in reactive oxygen species (ROS) has been identified as an important causative mechanism of DSS colitis ( Figure  1 ). Increased concentrations of the second messenger Ca 2+ mediated by TRPV6 and Ca v 1.3 symporter channels have been observed after DSS treatment that induced elevated levels of ROS and thus oxidative stress within enterocytes [19, 20] (Figure 1 ). ROS could then contribute to the release of intracellular calcium from the endoplasmic reticulum and mitochondria translating into a feedback loop that triggered oxidative stress [21] . Furthermore, increased intracellular calcium levels activated the Ask1-MKK7-JNK2-cSrc signaling pathway [19] leading to the phosphorylation and relocalization of junction molecules and consequently to increased paracellular permeability, inflammation and neutrophil infiltration. Blocking ROS activity using N-acetyl-L-cysteine and L-nitroarginine methyl ester protected against the disruption of intercellular junctions [20] . Phosphorylation of TJ proteins including claudins is a common mechanism for intercellular junction destabilization and increased permeability during DSS colitis [22] . However, the responsible kinases remain elusive. Another pathway contributing to epithelial barrier dysfunction, which is also regulated by diet components, is activation of ROCK1-or MLCK-induced actomyosin contractility [23] . For example, dodecanoate acid activated the G-protein-coupled receptor GPR40 leading to dissociation of the G-protein G α11/12 that in turn activated the small GTPase RhoA [24] . We previously demonstrated in vivo that DSS treatment activated RhoA and its effector ROCK1 in a manner dependent on the actin-binding protein cortactin [25] leading to phosphorylation of myosin light chain, increased actin stress fiber formation, relocalization of ZO-1 and occludin, and increased epithelial permeability.
DSS treatment also activates nuclear factor-ĸB (NF-κB) and mitogen-activated protein kinase (MAPK)-dependent signaling pathways leading to the expression of proinflammatory mediators such as TNF-α, IL-1β, . Initial release of TNF-α by resident immune cells further triggered PI3K/Akt-dependent NF-κB activation and nuclear translocation in enterocytes, thus promoting an acute inflammatory response [27] . Additionally, INF-γ strengthened the TNF-α response by inducing the expression of TNF-receptor 2, thus further triggering disruption of the intestinal epithelial barrier during colitis [28] . TNF-α also induced the production of cyclo-oxygenase-2 [29] , which in turn exacerbated the inflammatory response via production of prostaglandins [30] and nitric oxide synthase [31] . As recently demonstrated, selenium treatment reverted and ameliorated inflammation and oxidative stress in DSS colitis [32] . Therefore, blocking the induction of proinflammatory mediators and oxidative stress to prevent epithelial barrier dysfunction by using known antioxidative and antiinflammatory diet supplements is a promising strategy used by many research groups to discover alternative treatment strategies for patients with IBD. Applying such supplements in the DSS colitis model is a common approach to examine their safety and efficacy. In the following chapter, we summarize the most recent advances in this field. (top, left) . Under inflammatory conditions, this barrier becomes compromised with a diminished mucus layer, disrupted epithelial monolayer and recruitment of many immune cells including neutrophils (top, right). The mechanisms causing loss of barrier integrity are summarized below. The apical junctional complex, built by tight and adherens junctions, controls epithelial permeability and maintains intestinal homeostasis. During inflammation, as seen in inflammatory bowel diseases or induced in rodents by dextran sulphate sodium or 2,4,6-trinitrobenzene sulfonic acid treatment, junctions are disrupted. The depicted inflammatory pathways ultimately lead to the disruption of tight and adherens junctions allowing for bacterial translocation that further triggers inflammation. For example, oxidative stress promotes activation and nuclear translocation of the transcription factor nuclear factor-ĸB and increased expression of proinflammatory cytokines. Dextran sulphate sodium treatment also promotes the activation of the RhoA pathway leading to actomyosin contraction, which contributes to junction destabilization, opening of the paracellular space and thus hyperpermeability. Nutritional supplements can alleviate colitis signs including inflammation, oxidative stress and junction disruption as indicated (compare Tables  1 and 2 
NUTRITIONAL SUPPLEMENTS TESTED AS POTENTIAL ALTERNATIVE THERAPY IN DSS-INDUCED COLITIS

Vitamins and micronutrients
Vitamin D (VD) and its receptor (VDR) play important roles in controlling inflammation by regulating innate and adaptive immune responses [33] . DSS-treated wild type (WT) mice showed a remarkable improvement of UC symptoms when they were supplemented with 1,25-dihydroxy-vitamin D 3 [1, 25(OH) 2 D 3 ] characterized by strengthening of barrier function through maintaining the expression of ZO-1, occludin and claudin-1 [34] . VD and VDR deficiency were related to the onset of colorectal cancer [35] and IBD [36] . VDR −/− mice were more susceptible to DSS treatment and showed more severe ulcerations, increased permeability and relocalization of ZO-1 and occludin [37] . In DSS-treated Caco-2 cells, administration of 1,25(OH) 2 D 3 increased transepithelial electrical resistance and expression of ZO-1, thus restoring epithelial barrier function. Interestingly, in DSS-treated VDR-deficient colonic mouse cells, 1,25(OH) 2 D 3 treatment converted macrophages into an M2 phenotype [38] . In a similar manner, a combination of micronutrients (vitamin C, vitamin E, L-arginine, and eicosapentaenoic and docosahexaenoic acid) administered in mice during DSS treatment significantly ameliorated colitis due to reduced expression of IL-1, IL-6, IFN-γ and KC, reduced oxidative stress and neutrophil infiltration leading to better maintenance of epithelial junction architecture [39] (Table 1) .
Fatty acids
In normal conditions, fatty acids modulate intestinal homeostasis and immune responses. Fatty acids derived from linoleic acid have shown an important antiinflammatory effect after TNF-α and DSS treatment. Administration of 10-hydroxycis-12-octadecanoic acid counteracted loss of junction molecules induced by TNF-α in vitro and DSS in vivo [40] (Table 1) . Propionate, a short-chain fatty acid, also had anti-inflammatory effects in DSS colitis. Pre-administration and co-treatment of propionate during DSS treatment reduced inflammation by inhibiting expression of the proinflammatory cytokines IL-1β, IL-6 and TNF-α and reduced myeloperoxidase activity and neutrophil recruitment [41] . Propionate treatment also reduced the paracellular flux of FITCdextran and restored epithelial barrier functions by inhibiting the down-regulation of occludin, ZO-1 and E-cadherin. In a similar manner, oleanolic acid stabilized intercellular junctions during DSS treatment by preventing down-regulation of ZO-1, occludin and E-cadherin expression and promoting the expression of . Moreover, oleanolic acid promoted differentiation of T-cells into Treg cells while suppressing differentiation into Th17 cells (Table 1) .
Peptides
Peptides derived from more complex molecules such as hormones have demonstrated promising anti-inflammatory activities during colitis. Chromofungin, a short peptide derived from Chromogranin-A (CgA) has been shown to ameliorate colitis after intracolonic injection of CgA by decreasing expression of IL-18, promoting the expression of IL-10 and preventing the down-regulation of intercellular junctions such as claudin-1, ZO-1, E-cadherin and occludin [43] . This is interesting as DSS increased the number of CgA-positive enteroendocrine cells in the mucosa. UC patients showed higher numbers of CgA-positive cells [44] suggesting that this increase could be a protective countermeasure during colitis (Table 1) .
Catestin (CST) is an enterochromaffin-derived peptide that has anti-inflammatory activity. However, in UC patients presence of catestin was reduced compared to healthy controls, and intrarectal administration of catestin decreased clinical signs of DSS colitis by reducing the expression of IL-8 and IL-18 preventing the activation of STAT3 and maintaining claudin-1, ZO-1 and occludin expression [45] . In a similar way, substance P, a neuropeptide of 11 amino acids expressed in the intestines, attenuated DSS colitis by preventing decreased expression of ZO-1 and E-cadherin and colon tissue damage [46] . Porcine β-defensine-2 is an antimicrobial peptide produced in the intestines. DSScolitis signs were significantly improved after intrarectal administration of porcine β-defensine-2 due to reduced expression of proinflammatory cytokines, reduced epithelial apoptosis and neutrophil infiltration, suppression of nitric oxide synthase and cyclo-oxygenase-2 and preservation of intercellular junctions [47] . In IL-10-deficient and T-cell adoptive transfer mouse models of colitis, treatment with antrum mucosa peptide (AMP-18) protected against weight loss and colon shortening [48] . Of note, AMP-18-deficient mice treated with DSS showed exacerbated colitis and high mortality, which could be counteracted by AMP administration [48] . In WT mice treated with DSS, AMP-18 protected against UC by strengthening PKCζ phosphorylation and recruitment of a molecular complex (Par6/Cdc42•GTP/ECT2/Par3) that facilitated the assembly of TJs [49] (Table 1) .
Bacterial products
In search of new treatments for inflammatory diseases such as IBD, the antiinflammatory properties of bacterial compatible solutes, metabolites, exopolysaccharides and biogenic polyphosphate nanoparticles have garnered interest. Compatible solutes are small organic molecules produced by bacteria to protect them from extreme environmental conditions such as heat and high salinity. The advantage of these solutes is that even at high concentrations they do not cause any adverse effects in vivo and in vitro. Ectoine and its synthetic derivative homoectoine have shown promising results in experimental colitis [50] . When ectoine or homoectoine were administered via oral gavage in parallel to the administration of DSS, treated mice showed significant improvement in intestinal bleeding and stool consistency. Excessive intestinal epithelial permeability was reduced to normal levels in ectoineand homoectoine-treated mice, and expression of ZO-1 and occludin was maintained. Importantly, only homoectoine was able to prevent the claudin switch (claudin1 [39] Compatible solutes Ectoine, Homoectoine Decreases Evans blue permeability Increases expression of ZO-1 and occludin Prevents claudin-1 to claudin-2 switch Decreases ROS production [50] Exopolysaccharides Streptococcus thermophilus MN-BM-A01
Increases expression of claudin-1 and occludin [51] Synechococcus sp. PCC 7002 Increases expression of ZO-1, occludin, claudin-4 and Hsp27 [52] Lucilia sericata larvae Maggot protein Upregulation of MUC2 gene Increases expression of ZO-1 and occludin [53] Periplaneta americana Ethanol extract Increases expression of ZO-1, occludin and claudin-1 [54] Donkey milk Lysozyme Increases expression of ZO-1 and occludin Decreases expression of claudin-2 [55] Naringenin Acer palmatum Thumb Ethanol extract (KIOM-2015E) Increases ZO-1 and occludin expression [80] Guar gum Galactomannan Upregulates ZO-1, occludin, JAM-A, claudin-3, -4 and -7 protein expression Decreases plasmatic levels of LBP [83] LPS: Lipopolysaccharide; LBP: Lipopolysaccharide-binding protein; JAM-A: Junctional adhesion molecule-A; ZO-1/2: Zonula occludens-1/2; HO-1: Hemeoxygenase 1; NF-κB: Nuclear factor-ĸB; AMPK: adenosine monophosphate-activated protein kinase; MAPK: Mitogen-activated protein kinase; PPARγ: Peroxisome proliferator-activated receptor γ; IL: Interleukin; TLR4: Toll-like receptor 4; TNF-α: Tumor necrosis factor-α; COX-2: Cyclo-oxygenase-2; UC: Ulcerative colitis.
replacement by the leaky claudin-2) resulting in a stronger epithelial barrier. Moreover, both compatible solutes ameliorated oxidative stress in the mucosa [50] ( Table 1) . Exopolysaccharides are synthesized and secreted by microorganisms into their environment and have been proposed as the mechanism that mediates the antiinflammatory effects of probiotic bacteria. When purified exopolysaccharides from Streptococcus thermophilus MN-BM-A01 were administered orally in mice with DSSinduced colitis, these mice showed a significant amelioration of intestinal inflammation due to reversed down-regulation of claudin-1 and occludin, thus restoring barrier function [51] . Anti-inflammatory and barrier-stabilizing properties were recently also reported for biogenic polyphosphate nanoparticles from cyanobacterium Synechococcus sp. PCC 7002. Colitic mice received biogenic polyphosphate nanoparticles orally for 9 d, the first 5 d together with 3% DSS. Overall, colitis development was slower compared to untreated mice, and barrier function was maintained due to upregulation of ZO-1, occludin and claudin-4 [52] ( Table 1) .
Insect and animal products
Besides plants, Chinese traditional medicine uses various insects to alleviate common diseases. Dried Lucilia sericata larvae, also known as "wu gu chong", were fed to DSScolitic mice and ameliorated colitis signs very similarly to the standard drug mesalazine by improving stool consistency, intestinal bleeding and decreasing weight loss and colon shortening [53] . Interestingly, colitic mice that received the dried larvae showed a restoration of mucin-2, ZO-1 and occludin levels suggesting a protective effect on epithelial barrier functions. Periplaneta americana (American cockroach) is widely used in China as treatment for gastrointestinal disorders. Rats that received DSS in parallel to Periplaneta americana extracts developed a milder form of colitis compared to rats treated only with DSS because TJ architecture was better conserved and ZO-1, occludin and claudin-1 protein levels were similar to control mice [54] . Lysozyme has been linked to the modulation of the intestinal immune response. When lysozyme isolated from donkey milk was administered to mice with DSScolitis, they developed a milder colitis due to lower levels of TNF-α and IL-13 and reduced oxidative stress. Epithelial barrier function was improved by preventing DSS-induced down-regulation in ZO-1 and occludin and upregulation of claudin-2 [55] ( Table 1) .
Phytochemicals
Citrus fruits are a good source of fiber, vitamins and polyphenols and have many health benefits. Naringenin is a major polyphenol isolated from citrus fruits that protected the intestinal barrier during DSS-colitis in mice. Naringenin reverted DSSinduced reduced expression of occludin, junctional adhesion molecule-A (JAM-A) and claudin-3 and epithelial hyperpermeability [56] . Naringin, another flavonoid of citrus fruits, showed protective effects on epithelial barrier functions during DSS colitis due to activation of peroxisome proliferator-activated receptor γ and subsequent inhibition of NF-ĸB leading to reduced proinflammatory cytokine levels [57] . Interestingly, naringin significantly suppressed DSS-induced NLRP3 inflammasome activation by decreasing the expression of NLRP3, ASC, caspase-1 and IL-1β. Naringin also inhibited DSS-induced MAPK activation and epithelial barrier dysfunction through regulation of ZO-1 expression suggesting that naringin protects epithelial barrier integrity on multiple levels.
Red raspberry (RB) is another fruit that has numerous health benefits and contains high amounts of fiber and polyphenols with antioxidative and anti-inflammatory properties. RB supplementation in a DSS-induced colitis model prevented DSSinduced mucosal damage, reduction of mucin-2, ZO-1 and claudin-3 expression and decreased expression of the pore-forming TJ protein claudin-2. Of note, RB also reversed DSS-induced NF-ĸB activation and AMP-activated protein kinase (AMPK) inhibition [58] . Thus, RB also protects the epithelial barrier against DSS-induced colitis via its anti-inflammatory effects on multiple levels.
Apples and strawberries contain phloretin. Phloretin is a flavonoid with antioxidative and anti-inflammatory properties. Phloretin treatment improved mucosal injury caused by DSS-treatment in the colon in a dose-dependent manner. Phloretin inhibited loss of goblet cells, oxidative stress, inflammation and epithelial barrier dysfunction. Mechanistically, phloretin protected against colitis through inhibition of the NF-ĸB pathway and the NLRP3 inflammasome. Of note, phloretin decreased the expression of toll-like receptor 4 and increased peroxisome proliferatoractivated receptor γ expression, which are activating and inhibiting signaling proteins upstream of NF-ĸB, respectively [59] . Thus, inhibition of NF-ĸB and the NLRP3 inflammasome seem to be common protective mechanisms shared by different flavonoids.
Formononetin is a natural isoflavone and one of the major biologically active compounds in a variety of Chinese medicinal herbs such as Astragalus membranaceus. Intraperitoneal injection of formononetin attenuated in a dose-dependent manner DSS-induced leukocyte infiltration, increase of proinflammatory cytokine expression and reduction of claudin-1, occludin and ZO-1 levels in the colon of DSS-treated mice due to inhibition of the NLRP3 inflammasome [60] . Phellinus igniarius is a medicinal mushroom that has been widely used in traditional Chinese medicine to treat stomach ache, inflammation and tumors. The aqueous extract of Phellinus igniaurius possesses antitumor, antidiabetic and immunity-modulating effects [61, 62] . In a model of chronic DSS-induced colitis in mice, the aqueous extract of Phellinus igniarius significantly improved DSS-induced loss of crypts and goblets cells, epithelial barrier dysfunction, and reduced plasma lipopolysaccharide levels [63] . The Phellinus igniarius extract significantly inhibited NF-ĸB activation through inhibition of IkBα phosphorylation and the ASC3-caspase-1 pathway.
Soybeans and barley are a good source of isoflavonoids with anti-inflammatory effects. A mixture of soybeans and barley protected against DSS-colitis by reversing DSS-induced epithelial permeability, redistribution and loss of ZO-1, occludin, and claudin-1 and by preventing bacterial translocation into mesenteric lymph nodes [64] . Evodiamine is a bioactive alkaloid obtained from Evodia rutaecarpa that is used in traditional Chinese medicine because of its anti-inflammatory properties [65] . Evodiamine ameliorated DSS-induced epithelial barrier damage, increased proinflammatory cytokines levels, loss of ZO-1, occludin and mucin-2 and decreased NF-ĸB, p65 and IĸB phosphorylation and NLRP3 inflammasome activation suggesting that the protective effect of evodiamine is due to its anti-inflammatory properties.
Salvia miltiorrhiza Bunge (Danshen) also has anti-inflammatory properties and contains the active phenolic compound salvianolic acid A (SAA). SAA inhibited DSSinduced histological damage, leukocyte infiltration, ulceration and edema in the mouse colon and protected against loss of ZO-1 and occludin [66] . The cecal bacterial composition that was altered after DSS-treatment was similar to controls when mice received SAA in parallel to DSS treatment. Thus, apart from its anti-inflammatory effects, SAA protected the intestinal epithelial barrier by modulating the gut microbiota during colitis.
Magnolol is the main and active ingredient of Magnolia officinalis, which is being used in traditional Chinese medicine for the treatment of gastrointestinal disorders. Magnolol improved DSS-induced colitis signs in mice. In particular, epithelial erosion, disruption of crypt glands, loss of ZO-1 and occludin and leukocyte infiltration were reduced when colitic mice were treated with magnolol [67] . Again, the antiinflammatory mechanism of magnolol was shown to relate to the regulation of NF-ĸB, p65 and IĸB phosphorylation and peroxisome proliferator-activated receptor γ expression.
Eupatilin (Eup) is a major flavonoid found in the leaves of Artemisia argyi and is also the principal bioactive compound of Artemisia asiatica Nakai ex Kitam. Eup is used in traditional medicine due to its antioxidative and anti-inflammatory activities. Eup treatment alleviated DSS-induced inflammation and oxidative stress in mice by decreasing nicotinamide adenine dinucleotide phosphate oxidase and increasing occludin and ZO-1 levels in the colon epithelium [68] . Eup inhibited DSS-induced NF-ĸB and MAPK activation and significantly promoted AMPK activation, thus contributing to barrier stabilization.
The Chinese herb QingBai decoction (QBD) is a mixture of six medicinal herbs that has been used in the treatment of UC [69] . QBD effectively relieved intestinal symptoms such as diarrhea and bleeding during active colitis [70] . When administered as enema in a DSS-colitis mouse model, QBD was able to diminish epithelial damage, mucosal inflammation, crypt damage and loss of goblet cells and mucin-2 in colon tissue. Hyperpermeability and loss of TJ proteins were also ameliorated by QBD, and these effects were comparable to what was observed in mesalazine-treated mice. Of note, QBD was able to inhibit epithelial apoptosis and to increase proliferation during colitis. These data suggest that QBD can contribute to wound healing and tissue recovery.
Terpinen-4-ol (TER) is a main component of Zanthoxylum bungeanum Maxim with high antibacterial, antioxidative and anti-inflammatory properties. Treatment with TEL completely blocked DSS-induced epithelial damage, crypt distortion, increase of proinflammatory cytokines and depletion of goblet cells [71] . TEL also prevented loss of ZO-1 and occludin and NF-ĸB and NLRP3 activation.
Alnus japonica Steud (Betulaceae) has been used in traditional Asian medicine to treat fever, hemorrhage and gastric disorders. Ethanol extracts from Alnus japonica bark has been reported to have antioxidative and anti-inflammatory effects due to the presence of diarylheptanoids, triterpenoids and flavonoids [72] [73] [74] [75] . Histological analysis of colon tissues showed a protective effect on tissue damage, inflammation and leukocyte infiltration during DSS-colitis. mRNA levels of proinflammatory cytokines and cyclo-oxygenase-2 protein levels were lower in Alnus japonica bark-treated colitic mice. Of note, Alnus japonica bark treatment not only increased ZO-1, occludin and heme-oxygenase 1 protein levels but also protected against epithelial apoptosis.
Pogostemon cablin (blanco) Benth is a plant used in the treatment of gastrointestinal disorders in Asia. Patchouli alcohol (PA) is the extract containing the major active components of Pogostemon cablin with anti-inflammatory and immune-modulatory properties. PA given during DSS-colitis in mice reduced proinflammatory cytokine levels and infiltration of inflammatory cells into the mucosa in a dose-dependent manner [76] . Expression of mucin-1, mucin-2, ZO-1, ZO-2, claudin-1 and occludin were higher after PA treatment compared to the DSS group. In addition, PA inhibited DSSinduced apoptosis and improved tryptophan metabolism. Of note, the effect of PA was similar to that observed with sulfasalazine treatment.
Rhizoma coptidis is commonly used in traditional Chinese medicine as treatment for various diseases including IBD [77] . Berberine (BBR) is the most abundant and major active isoquinoline alkaloid of Rhizoma coptidis but is characterized by poor intestinal absorption. Berberrubine is a BBR metabolite with better intestinal absorption. Treatment with both berberrubine and BBR ameliorated signs of DSS-colitis although higher doses were required for BBR. Mucosal inflammation, leukocyte infiltration, increased cytokine levels and decreased mRNA levels of mucin-1 and mucin-2 were Vargas-Robles H et al. Nutritional supplements protect against experimental colitis effectively counteracted by both compounds. ZO-1, ZO-2, claudin-1 and occludin levels were maintained with BBR and berberrubine treatment, and apoptosis was inhibited.
Moringa oleifera (moringa) is a tropical plant traditionally used for its nutritional value and as treatment for a number of acute and chronic conditions such as inflammation and diabetes. Moringa has anti-inflammatory, antibacterial and antioxidative properties attributed mainly to glucosinolates, which can be metabolized into the main bioactive metabolites, moringa isothiocyanates (MICs). MIC-1 [4-(α-L-rhamnosyloxy)benz-isothiocyanates] is the most abundant MIC in moringa seeds. Moringa seed extracts enriched in MIC-1 were given as treatment during acute and chronic DSS-colitis in mice and, surprisingly only protective effects were observed in the acute model. Beneficial effects of moringa seed extracts during acute colitis included reduced inflammation and proinflammatory cytokine levels and increased levels of claudin-1, ZO-1 and phase-II-detoxifying enzymes including GSTP1, NQO1 and HO1 [78] . Moreover, the anti-inflammatory and antioxidative activities of moringa seed extracts were associated with Nrf2-mediated signaling.
Wasabia japonica is a popular traditional spice in Asia. Allyl isothiocynate is a bioactive molecule present in Wasabia japonica with anti-inflammatory effects. Allyl isothiocynate treatment during DSS-colitis increased mucin-2 and ZO-1 protein expression and the number of goblet cells [79] . These protective effects were related in vitro after treatment of epithelial cells with lipopolysaccharides to attenuation of phosphorylation of p65 and ERK1/2, reduced expression of IL-1β and TNF-α and increased mucin-2 expression.
KIOM-20I5E is an active anti-inflammatory ingredient of Acer palmatum thumb that is widely distributed in various regions of Asia and has been used in traditional medicine for its antioxidative and anti-inflammatory properties. KIOM-20I5E ameliorated DSS-induced reduction of goblet cells and ZO-1 and occludin levels [80] . However, the underlying mechanism was not determined.
Dietary fibers consumption affects the intestinal microbiota and consequently intestinal epithelial barrier functions [81] . Intestinal microorganisms metabolize dietary fibers to short-chain fatty acids that suppress the transcription of proinflammatory mediators, thus positively affecting intestinal barrier functions [82] . Like other fibers, Guar gum (GG) cannot be digested in the small intestine of mammals; however, it is quickly metabolized by colonic bacteria. Short-chain fatty acids then promote epithelial cell proliferation in the colon, mucosal blood flow and colonic motility. Fermentable GG and partially hydrolyzed GG improved the expression levels of ZO-1, ZO-2, occludin, JAM-A, claudin-3, claudin-4 and claudin-7 in a murine model of DSS-colitis [83] . Both partially hydrolyzed GG and GG inhibited lipopolysaccharidebinding protein levels in the plasma indicating that both compounds protected the colonic barrier and increased the production of fecal organic acids, which could be important mediators of the observed protective effects.
Moreover, pre-treatment of mice with psyllium fiber before colitis induction with DSS ameliorated loss of ZO-2, occludin, JAM-A, claudin-3 and claudin-7 and reduced lipopolysaccharide-binding protein plasma concentration [84] . In addition, the psyllium fiber diet increased intestinal cytoprotective heat-shock protein 25 levels and expression of extracellular matrix-associated genes including collagens and fibronectin. In summary, many phytochemicals have benefits during experimental colitis mostly due to anti-inflammatory and antioxidative effects that help to maintain junction architecture and epithelial barrier integrity. Thus, people susceptible to colitis should take great care of their diets.
TNBS COLITIS MODEL
The induction of colitis by the exposure of mice and rats to the reagent TNBS has been used as an animal model that closely resembles the pathophysiology of human CD. The key factor that makes TNBS colitis an indispensable model for the study of CD is the importance of nucleotide-binding oligomerization domain-containing protein 2 (NOD2) in the development of both murine TNBS-colitis and human CD [85] . CD is a chronic inflammatory disorder that affects any part of the gastrointestinal tract. It is characterized by transmural infiltration, which can result in complications such as granulomas, fistulas and strictures [86] . Genome-wide studies have associated polymorphisms in the NOD2 gene as a high genetic risk factor for the development of CD [85] . NOD2 is an intracellular pattern recognition receptor that recognizes muramyl peptides derived from bacterial peptidoglycans. NOD2 stimulation leads to the activation of NF-κB and MAPK signaling pathways [87] , and mutations in NOD2 lead to irregular host-microbe interactions that can trigger a dysregulated immune response as observed during TNBS colitis [88] . TNBS haptenizes colonic proteins turning them immunogenic to the host's immune system [89] . The induction of colitis by this method is simple and reproducible. TNBS is dissolved and instilled intrarectally in ethanol, which acts as the vehicle but also aids in breaking the mucosal barrier to induce intestinal inflammation. Depending on the desired colitis severity, concentrations of 50 to 150 mg/kg bodyweight can be administered either as a single dose for acute colitis or repetitive lower doses for chronic colitis [90] . After TNBS administration, animals will gradually develop intestinal bleeding, diarrhea and weight loss. During the development of colitis, the intestinal epithelial barrier is disrupted, and the architecture of intercellular junctions is compromised leading to the development of a leaky barrier. This allows for translocation of luminal antigens to the lamina propria and loss of tolerance to its own microbiota thus inducing Th1-Th17 cell-mediated immune responses with elevated production of 92] . Histologically, TNBStreated animals develop a transmural inflammation characterized by severe infiltration of leukocytes in the mucosa and submucosa at an early stage followed by infiltration to the muscularis propria resulting in ulceration, goblet cell depletion, fibrosis and thickening of the colon wall, characteristics also found in CD patients [86, 93] .
NUTRITIONAL SUPPLEMENTS TESTED AS POTENTIAL ALTERNATIVE THERAPY IN TNBS-INDUCED COLITIS
Phytochemicals
Traditional medicine worldwide utilizes a variety of herbal extracts to treat diverse inflammatory disorders. Thus, there is a current interest in finding the exact phytochemicals that exert the anti-inflammatory property and the underlying mechanisms. For example, nobiletin, a flavone found in citrus fruit peels, ameliorated TNBS colitis by restoring barrier function due to reduced MLCK and NF-κB expression and Akt activation. Treatment with 20 mg/kg or 40 mg/kg of nobiletin during 7 d after the induction of colitis reversed excessive intestinal epithelial permeability as effectively as the standard drug sulfasalazine [94] (Table 2) . Moreover, the flavonoid farrerol extracted from rhododendron showed antiinflammatory properties during TNBS-colitis and prevented the reduction of mRNA expression of the TJ molecules ZO-1, claudin-1 and occludin, suggesting that farrerol may also prevent hyperpermeability; however, this was not specifically tested [95] . Geniposide purified from Garnedia jasminoides fruits had barrier stabilizing activity during intestinal inflammation in TNBS-treated Sprague-Dawley rats. Geniposide treatment reduced excessive intestinal permeability by preventing MLCK activation and stabilizing the expression of occludin and ZO-1. Of note, the TNBS-induced decrease in AMPK phosphorylation was prevented by geniposide when administered at a high dose. This is important as AMPK is involved in the regulation of TJ integrity, and its activity is decreased during colitis. Overall, geniposide-treated rats developed a milder colitis compared to controls [96] ( Table 2 ). The plants Anemarrhena asphodeloides and Mangifera indica L. contain neomangiferin that possesses anti-inflammatory effects. In a recent study, purified neomangiferin was fed to TNBS-colitic C57Bl/6 mice causing a less severe form of colitis due to reduced levels of TNF-α, IL-1β and IL-6. Of note, neomangiferin prevented the typical imbalance between Th17 cells and Treg cells associated with colitis. Although barrier function in vivo was not determined, TNBS-induced down-regulation of TJ proteins ZO-1, claudin-1 and occludin was prevented by neomangiferin [97] . The barrier stabilizing effects of wild jujube [Ziziphus jujuba Mill. var. spinosa (Bunge) Hu ex H. F. Chou] sarcocarp polysaccharides (WJPs) were proven in TNBSinduced colitis in rats. WJPs attenuated weight loss, diarrhea, intestinal bleeding and inflammation and led to a better preservation of overall tissue structure. WJPs-treated colitic rats showed significantly reduced intestinal permeability compared to control rats, and down-regulation of the expression of ZO-1, occludin, claudin-1 and claudin-4 was prevented. WJPs also induced the activation of AMPK in vitro and in vivo thus contributing to correct TJ assembly and epithelial barrier function [98] .
Butyrate
Butyrate is a short-chain fatty acids product of dietary fiber fermentation by gut microbiota and a ligand of GPR109A that is associated with inhibition of inflammation [99] . WT and GPR109A-deficient mice received sodium butyrate (SB) in drinking water 6 wk before the induction of TNBS-colitis [100] (Table 2) . WT mice treated with SB developed a significantly milder colitis compared to GPR109A-deficient mice. Increased permeability and down-regulation of ZO-1, claudin-1 and [98] Dietary fiber Sodium butyrate Mice Decreases FITC-Dextran permeability Upregulation of ZO-1, claudin-1 and occludin genes [100] Schistosoma japonicum Ova Mice Increases expression of ZO-1 and occludin Upregulation of ZO-1 and occludin genes [101] ZO-1: Zonula occludens-1; AMPK: adenosine monophosphate-activated protein kinase; NF-κB: Nuclear factor-ĸB occludin were prevented by SB in the WT but not in GPR109A-deficient mice. These data confirm that GPR109A activation by SB suppresses inflammatory effects during TNBS colitis.
Parasites
An excess of hygiene has been correlated with a higher susceptibility to intestinal inflammatory disorders, so it is not surprising that the presence of helminths in the gastrointestinal tract has protective effects during experimental colitis. However, parasitic infections are still harmful for the host. That is why isolating and studying the components responsible for this anti-inflammatory effect in the intestines have become a priority. While it has been shown that Schistosoma japonicum ova prevented barrier dysfunction by increasing ZO-1 and occludin levels [101] , the mechanistic basis for the protective effects of parasitic compounds during the development of experimental colitis remain elusive (Table 2) .
DISCUSSION AND CONCLUSION
Most nutritional supplements discussed here show anti-inflammatory and antioxidative properties in experimental colitis models leading to improved epithelial junction architecture and barrier stability. Many do so by inhibiting proinflammatory signaling mediated by NF-ĸB and MAPK and reducing the production of proinflammatory cytokines. Thus, preservation of epithelial barrier functions is an important goal of colitis treatments (drugs or supplements). However, while some studies have analyzed the effects of supplements on proinflammatory signaling and epithelial barrier function in detail, other studies remain rather superficial and only describe the observed effects without providing mechanistic details. Thus, it will be critical in the future to better understand the mechanistic details underlying the beneficial effects. This will be even more critical when addressing another major limitation of the described animal studies, i.e., whether findings from experimental colitis models are applicable to human disease. This remains to be seen in many cases. In some cases, clinical studies have been conducted with different results [4, 7] . While some supplements with beneficial effects in rodents have shown none in humans, other supplements showed beneficial effects in both organisms. The interested reader is referred to another recent review that highlights clinical studies using supplements and active compounds from alternative medicines [102] . Clearly, humans are very different from rodents, thus limiting the usefulness of these data so that data from experimental colitis models have to be interpreted with caution. On the other hand, these models are inexpensive, easy to perform and reproducible so that they are indispensable for the search of new treatment strategies.
The intestinal microvasculature and endothelial barrier functions are also of importance during experimental colitis [103] . However, only few studies have addressed direct effects of DSS or TNBS on endothelial junction proteins regulating vascular permeability and neutrophil recruitment. For example, in mice with endothelialspecific JAM-A deletion, the outcome of DSS-induced colitis was similar to WT mice [104] . On the other hand, the endothelial TRPV4 channel regulating vascular permeability was overexpressed in endothelial cells of DSS-treated mice, which was accompanied by reduced VE-cadherin expression, and TRPV4 KO mice showed less severe colitis [105] . Given the importance of leukocyte recruitment from the blood stream to the colitic mucosa, it will be also important to study in more detail the mechanistic background of endothelial barrier regulation during experimental colitis. Certainly, many exciting discoveries are still ahead of us regarding the protective effects of nutritional supplements during colitis.
